Objective: Physical activity in a nonpregnant state or before pregnancy reduces the risk of type 2 diabetes and is also associated with reduced risk of gestational diabetes mellitus (GDM). However, it is uncertain whether physical activity during pregnancy reduces the risk of GDM. Design and methods: Using an established universal screening system in Tianjin, China, we prospectively recruited 11 450 pregnant women within the 12th gestational week from 2010 to 2012. These women underwent a 50-g 1-h glucose challenge test (GCT) at 24 -28 weeks of gestation and a 75-g 2-h oral glucose tolerance test if GCT glucose ≥7.8 mmol/L. GDM was defined according to the International Association of Diabetes and Pregnancy Study Group's criteria. Self-reported physical activity in the last month was collected at GCT time using a validated questionnaire. Results: GDM developed in 7.3% (n = 840) of the women. Women with GDM were less likely to be engaged in moderate-to-high physical activity during pregnancy than those without (79.8% vs 81.6%, P = 0.191). Moderate-tohigh physical activity during pregnancy was associated with decreased risk of GDM (multivariable odds ratio (OR): 0.81, 95% confidence interval (CI): 0.67 -0.97). Sitting at home for 2 -4 h per day and >4 h per day were associated with significantly increased risk of GDM (multivariable OR of sitting time for 2 -4 h vs <2 h: 1.59, 95% CI: 1.18 -2.15; OR of sitting time for >4 h vs <2 h: 1.73, 95% CI: 1.22 -2.43). Conclusions: Increased physical activity during pregnancy was associated with reduced GDM risk, whereas sedentary lifestyle was associated with increased GDM risk among Chinese pregnant women.
Introduction
The prevalence of gestational diabetes mellitus (GDM) has been increasing worldwide (1) , and it comes to be one of the most prevalent metabolic disorders during pregnancy, affecting 16 .8% of all pregnancies (2).
GDM is not only associated with adverse short-term pregnancy outcomes but also associated with long-term suboptimal health outcomes in both mothers and their offspring (3, 4, 5) .
Physical inactivity and overnutrition are wellestablished risk factors for diabetes, and lifestyle intervention aiming at increasing physical activity and healthy diet can reduce diabetes risk among highrisk subjects (6, 7, 8) . However, it remains to establish a causal association between physical inactivity and increased risk of GDM. In this connection, a few studies have examined the association between physical activity during pregnancy and GDM risk (9, 10, 11, 12, 13) , and findings from these studies were inconsistent, possibly due to inadequate study designs, different diagnostic criteria for GDM, shortfall of statistical power, inaccurate measurement of physical activity, and inability to control for confounders. Obesity is a well-recognized risk factor for GDM. Of note, the benefits of physical activity for GDM may be influenced by body composition, although few studies have examined whether the effect of physical activity on GDM risk varies by obesity and/or overweight before pregnancy. Women tend to be less engaged in physical activity and more likely to adopt sedentary behaviors during pregnancy compared with during their nonpregnant period. It is unknown whether reduced sedentary lifestyle and increased physical activity during pregnancy are possible measures for prevention of GDM. Therefore, the current analysis is aimed at examining (i) associations of physical activity and sedentary behaviors, especially sitting time at home during pregnancy, with GDM risk, and (ii) consistency of associations of physical activity and sedentary behaviors during pregnancy with GDM risk by pre-pregnancy obesity and overweight.
Subjects and methods

Study population and settings
Tianjin is a municipality directly under the administration of the central government of China. It is situated in the eastern part of the North China, covering an area of 11 900 km 2 with over 13 million residents. It has six central urban districts, one new urban district, four suburban districts and five counties. There are about 4.3 million residents living in the six central urban districts. Our group established a universal screening system for GDM in urban Tianjin in 1999 (14) . Using this wellestablished screening and management system, we conducted a large population-based prospective study among pregnant women and their offspring in the six central urban districts from 2010 to 2012 with detailed documentation of clinical and biochemical profiles, longitudinally from their first antenatal care visit to the time of screening for GDM in mid-pregnancy and to delivery (15) .
From October 2010 to August 2012, 19 669 pregnant women attended the primary care hospital for registration of pregnancy and antenatal care within the first 12th gestational week. We sequentially excluded 1080 women who did not perform glucose challenge test (GCT) and 781 women with a positive GCT who did not perform the standard oral glucose tolerance test (OGTT). Of the remaining 17 808 women, 11 450 who agreed and completed the self-administered questionnaire on physical activity and sedentary behaviors at the time of GCT were included in the current analysis. Ethics approval was obtained from the Ethics Committee for Clinical Research of Tianjin Women and Children's Health Centre (TWCHC), Tianjin, China, and informed consent was obtained from all the women.
Diagnosis of GDM
A two-step screening procedure was used to identify GDM cases. All pregnant women first underwent a 50 g 1-h GCT in nonfasting status between 24 and 28 weeks of gestation at primary care hospitals. The women with plasma glucose (PG) ≥7.8 mmol/L were referred to the GDM clinic within TWCHC where they underwent a 75 g 2-h OGTT in the morning after at least 8 h of fasting. PGs at fasting, 1 h and 2 h after the glucose load were measured at the Central Laboratory of TWCHC using an automatic analyzer (TBA-120FR, Toshiba, Japan). The inter-assay and intra-assay coefficients of variation for glucose were <2.59%. GDM was diagnosed according to the International Association of Diabetes and Pregnancy Study Group (IADPSG) cut-points, that is, any of the following PG values is met:
Assessment of physical activity and sedentary behaviors
Physical activity and sedentary behaviors in 1 month prior to the GCT time was collected by a self-administered questionnaire. This questionnaire was repeatedly used in our previous studies (7, 17, 18) , and detailed description and validation information are available elsewhere (19) . To document physical activity of pregnancy women more accurately, we further included housework physical activity. Briefly, physical activity during pregnancy included occupational, commuting, leisure-time, and housework physical activities. Occupational physical activity was divided into three categories: low (work including sitting, e.g., secretary), moderate (work including standing and walking, e.g., store assistant and teacher), and high (work including walking and lifting or heavy manual labor, e.g. farmer and textile workers). Commuting physical activity was divided into three categories according to the type of transportation to and from work, and daily duration of this commuting return journey: using motorized transportation/no walking or cycling (0 min/day), walking or cycling 1 -29 min per day (1 -29 min/day), and walking or cycling more than 30 min per day (≥30 min/day). We renamed 'low' when subjects reported 0 -29 min per day, and 'moderate-tohigh' when subjects reported more than 30 min per day. Leisure-time physical activity was classified into two categories: no leisure-time physical activity/engaged in this activity less than 3 h per week (<3 h/week, low), for example, walking, jogging, swimming, ball games, and engaged in this activity more than 3 h per week (≥3 h/ week, moderate-to-high). Housework physical activity was classified into three categories: <1 h/day (low), 1 -2 h/ day (moderate), and ≥2 h/day (high). Physical activities during pregnancy were merged and regrouped into two categories based on the above four types of activities: 'low' when women reported the levels of all four types of activities were 'low' and 'moderate-to-high' when women reported at least one level of the four types of activities was 'moderate-to-high'. In addition to physical activity, we asked how many hours were daily spent on sitting at home, including watching TV, reading, using the computer, and other sitting times at home, including meal time. Sitting time at home was stratified into three categories: <2, 2 -4, and ≥4 h/day.
Other assessments
Maternal birth date, date of the last menstrual period, family history of diabetes in the first-degree relatives, parity, ethnicity, education attainment, smoking and alcohol consumption before and during pregnancy were collected using questionnaires by care providers or filled out by pregnant women at registration for pregnancy or at the time of GCT.
Nurses at primary care hospitals measured height, weight, and blood pressure (BP) using a standardized protocol. Height was measured without shoes to the nearest 0.5 cm. Weights were measured without shoes and in light clothing to the nearest 0.1 kg at registration for pregnancy and at the time of GCT respectively. Body mass index (BMI) was calculated as weight in kilogram (20) . Weight at registration for pregnancy was used as pre-pregnancy weight because weight gain in the first trimester of pregnancy is small and negligible (21) . Weight gain from pre-pregnancy to GCT was calculated as the difference in weight between at registration for pregnancy and at the GCT. Sitting BP was measured using a calibrated mercury sphygmomanometer after at least 10 min of rest at registration for pregnancy.
Statistical analysis
Binary logistic regression models were used to obtain odds ratios (ORs) and their 95% confidence intervals (CIs) of physical activity and sedentary behaviors for GDM risk. A structured adjustment scheme was used to control for confounders. First, we adjusted for maternal age. Secondly, we further adjusted for lifestyle confounders, including habitual smoker and alcohol drinker before or during pregnancy. Thirdly, we further adjusted for other confounders, including height, family history of diabetes in first-degree relatives, parity, education, ethnicity, systolic BP and weight gain from pre-pregnancy to GCT. Fourthly, we further adjusted for pre-pregnancy BMI to check its effect on the association between physical activity, sedentary behaviors, and GDM risk. Ryan-Holm step-down Bonferroni procedure (22) was used to adjust P-values and 95% CIs where appropriate.
Further subgroup analysis by different pre-pregnancy BMIs was performed to check the consistency of the ORs by obesity/overweight status according to the Chinese criteria (20) . The subgroup analysis was repeated by the use of the World Health Organization (WHO)'s criteria, that is, BMI ≥25.0 kg/m 2 to define overweight and obesity.
Two sensitivity analyses were also performed. First, we used the 1999 WHO criteria for the diagnosis of GDM (23) to check the consistency across the two sets of criteria. Secondly, we reincluded 455 subjects who had a positive GCT result but were absent from OGTT to check the impacts of exclusion of those subjects. Additional analysis was also performed to compare the distributions of clinical and biochemical characteristics of women included in the final analysis and those excluded.
IBM SPSS Statistics 20.0 (IBM SPSS) was used to perform all the statistical analyses. A P-value of less than 0.05 for a two-tailed test was considered to be statistically significant.
Results
Characteristics of the study population
The mean age of 11 450 women was 28.5 (s.d.: 2.8) years, 96.9% were nulliparous, 19.8% (n = 2263) were overweight, and 6.5% (n = 745) were obese. Of them, 81.4% were engaged in moderate-to-high level of physical activity, and 46.9 and 43.2% of women were sitting at home for 2 -4 h and ≥4 h per day respectively.
A total of 840 women (7.3%) developed GDM. Women with GDM were more likely to be engaged in three or more hours of leisure-time physical activity to sit at home for more hours (Table 1) . Occupational physical activity, commuting physical activity, and housework physical activity were similar in women with GDM and those without. In addition, women with older age, shorter height, higher pre-pregnancy BMI, higher systolic/ diastolic BP at registration for pregnancy, and lower education level, with family history of diabetes in firstdegree relatives and habitual use of tobacco and alcohol before pregnancy, were more likely to develop GDM.
Physical activity and sedentary behaviors for GDM risk
In the multivariable analysis models 3 and 4, moderateto-high physical activity during pregnancy was associated with significantly reduced risk of GDM (OR in model 4: 0.81, 95% CI: 0.67 -0.97). In all the four multivariable analysis models, sitting time at home for 2 -4 h per day and more than 4 h per day significantly increased GDM risks compared with sitting time for less than 2 h per day in an ordinal manner (ORs and 95% CIs in model 4: 1.59, 1.18 -2.15 for 2 -4 h/day vs <2 h/day; 1.73, 1.22 -2.43 for ≥4 h/day vs <2 h/day; P for trend: 0.002) ( Table 2) . Regardless of physical activity or sitting time at home, the ORs from model 3 to model 4 just changed slightly after further adjusting pre-pregnancy BMI.
Subgroup analysis of physical activity and sedentary behaviors for GDM risk
The OR of moderate-to-high physical activity for GDM decreased to nonsignificance among women with BMI <24.0 kg/m 2 but increased among women with BMI ≥24.0 kg/m 2 (Table 3) . Similarly, the OR of sitting time at home for GDM also numerically decreased among women with BMI <24.0 kg/m 2 (although still significant) but increased among women with BMI ≥24.0 kg/m 2 .
The results were similar if the WHO's criteria were used to define overweight and obesity.
Sensitivity analysis
Using the 1999 WHO's criteria for the definition of GDM (n = 732), the protective effects of moderate-to-high physical activity persisted (adjusted ORs: 0.79, 0.65 -0.95) (Table 4) . Also, the graded direct association between sitting time at home and GDM risk was still significant (P for trend = 0.040). If we assumed that all the 455 subjects who had a positive GCT result but were absent from a standard OGTT did not have GDM, reinclusion of them in the analysis did not change the effect sizes of moderate-to-high physical activity and sitting time at home for GDM. However, if we assumed that all those women had GDM, reinclusion of them in the analysis resulted in attenuated ORs of moderate-to-high physical activity (still significant) and nonsignificant ORs of sitting time at home.
Additional analysis
There were no statistical differences in most of the measured variables between the women included in the analysis and the women excluded except for maternal age, family history of diabetes, multipara and alcohol drinking habit (Table 5 ).
Discussion
Our study found that (i) physical activity during pregnancy was associated with reduced risk of GDM, especially among women who were overweight or obese before pregnancy, and (ii) sedentary behaviors during pregnancy were also associated with the increased risk of GDM, among overweight/obese women as well as among women with normal weight. Previous studies reported inconsistent findings regarding the association between physical activity during pregnancy and GDM risk (9, 10, 11, 12, 13) . A small case-control study of 541 pregnant women found that recreational physical activity during the first 20 weeks of pregnancy was associated with a 48% decrease in GDM risk (OR: 0.52, 95% CI: 0.33 -0.80) (10) . More recently, a meta-analysis of five large studies reported that physical activity in early pregnancy was highly protective against GDM (a pooled OR: 0.76, 95% CI: 0.70 -0.83) (13) . More recent RCTs also generated Defined by the time spent in walking or cycling to and from work; f Low was defined when subjects simultaneously reported the light level of occupational physical activity, 0 -29 min/day of commuting physical activity, <3 h/week of leisure-time physical activity, and <1 h/day of housework physical activity; and others were defined as 'moderate-to-high'. conflicting findings. A randomized controlled trial of 855 healthy pregnant women with normal BMI failed to confirm that a 12-week standard exercise program during the second half of pregnancy was able to prevent GDM (12) . The LIMIT multicenter, randomized trial found that antenatal dietary and lifestyle interventions, including a combination of dietary, exercise, and behavioral strategies, were unable to reduce the risk of GDM and to improve pregnancy outcomes among overweight or obese women (24) . Similarly, another recent multicenter, randomized controlled trial, the UK Pregnancies Better Eating and Activity Trial (UPBEAT) study, reported that a behavioral intervention addressing diet and physical activity in obese pregnant women was also unable to reduce GDM risk (25) . However, the Finnish Gestational Diabetes Prevention Study (26) reported that a moderate individualized lifestyle intervention on diet, physical activity, and weight control could reduce the incidence of GDM by 39% in high-risk pregnant women with a history of GDM and/or a pre-pregnancy BMI ≥30 kg/m 2 . Indeed, different study designs and diagnostic criteria for GDM, different definitions of physical activity during pregnancy, and timing of initiation of the intervention may contribute to the inconsistent results. Our findings support the notion that early lifestyle intervention, including physical activity during pregnancy, can reduce the risk of GDM in Chinese pregnant women, although further larger and well-designed RCTs are needed to confirm it. We noticed that women with GDM were more likely to be engaged in three or more hours of leisure-time Further adjusted for habitual smokers before or during pregnancy and alcohol drinkers before or during pregnancy in addition to the variables listed in the footnote 'a'; c Further adjusted for maternal height group, family history of diabetes in first-degree relatives, parity ≥1, education >12 years, Han nationality, systolic BP at registration for pregnancy, and weight gain from pre-pregnancy to GCT in addition to the variables listed in the footnote 'b'; d Further adjusted for pre-pregnancy BMI group in addition to the variables listed in the footnote 'c'; e P-values and 95% CIs of ORs were adjusted for multiple comparisons by Ryan-Holm step-down Bonferroni procedure; f P for trend.
physical activity than those without. Although there were no statistical differences in most variables between women with leisure-time physical activity <3 h/week and those with leisure-time physical activity ≥3 h/week except for pre-pregnancy BMI and multipara (data was not shown), the women with leisure-time physical activity ≥3 h/week had a higher pre-pregnancy BMI and less likely to be multipara than those with leisure-time physical activity <3 h/week. In our analysis, pre-pregnancy BMI but not multipara was associated with GDM. It is possible that higher pre-pregnancy BMI among women with leisuretime physical activity <3 h/week might explain part of the inconsistency.
The association between sedentary behaviors during pregnancy and GDM risk has not been well addressed. Although some studies showed a direct association between sedentary behaviors and the risk of type 2 diabetes in nonpregnant population (27, 28) , to our knowledge, only three studies examined the association between sedentary behaviors and GDM risk (29, 30, 31) . Of them, only one investigated the association of GDM with sedentary behaviors during pregnancy but failed to find any association between television viewing before or during pregnancy and GDM or abnormal glucose tolerance risk (29) . In this regard, our study not only reconfirmed that physical activity was associated with a reduced risk of GDM in Chinese pregnant women, but, more importantly, is the first to report that sedentary behaviors in Chinese pregnant women were directly associated with GDM risk after adjusting for other physical activity patterns and confounders.
Both insulin resistance and impaired β-cell function contribute to the development of GDM. During normal pregnancy, physiological insulin resistance develops to support the demands of fetal growth and development, which begins at mid-pregnancy and continues until delivery. As a result, secretion of insulin by pancreatic β-cells increases by 2 -2.5 times to compensate for insulin resistance (32) . Compared with women with normal glucose tolerance, those with GDM are unable to secrete enough insulin to meet the metabolic stress of insulin resistance. Increased physical activity improves peripheral insulin sensitivity and regulates glucose levels in nonpregnant population and is also associated with reduced first-phase insulin response in late pregnancy (33) . Apart from hormones secreted from placenta, recent data suggested that adipose tissue-derived mediators, such as adiponectin, leptin, resistin, tumor necrosis factor-alpha, and oxidative stress, may be involved in the pathogenesis of insulin resistance in GDM (34, 35) . Physical activity-induced improvements in glycemic control might be due to increased insulin sensitivity, beneficial changes in adipokines, and reduced oxidative stress and antioxidant effects (36) .
The prevalence of GDM is increasing in parallel with rising overweight and obesity in pregnant population.
Maternal pre-pregnancy BMI is considered to play a role in the association between physical activity and GDM risk. Dye et al. used the Central New York Regional Perinatal Data System and reported that physical activity during pregnancy was associated with a 47% reduction of GDM risk but only among women with BMI >33.0 kg/m 2 (11) . The enhanced protective effect of increased physical activity among overweight and obese women and the attenuated protective effect among women with normal weight revealed in our study are more likely to suggest that pre-pregnancy BMI may play a moderating role between physical activity and GDM risk. Thus, physical activity may be more effective on the prevention of GDM among overweight and obese women because obesity-related insulin resistance may play a more important role than impaired β-cell function in GDM development among overweight and obese women. By contrast, for underweight and normal weight women, impaired β-cell function may be dominant in the development of GDM, resulting in an attenuated benefit of physical activity for the prevention of GDM. Nevertheless, our data support the notion that increased sedentary Variables adjusted in the multivariable analysis are the same as in the multivariable analysis 4 in Table 2; d P for trend; e P-values and 95% CIs of ORs were adjusted for multiple comparisons by Ryan-Holm step-down Bonferroni procedure.
behaviors during pregnancy increase GDM risk among women with normal pre-pregnancy body weight.
Our study has strengths and limitations. The first strength is that the study was a prospective populationbased study with a large sample size. Secondly, the associations between physical activity and GDM risk were robust because (i) ORs were constant using either the 1999 WHO's criteria or the IADPSG's criteria to define GDM as well as reinclusion of women with incomplete collection of OGTT data, and (ii) nearly all traditional risk factors for GDM were available and the results were significant after adjusting for a variety of confounders. The study had limitations. First, this study was a cross-sectional study, and the findings need to be replicated in other Chinese and non-Chinese populations. If further conformed, randomized controlled trials will be warranted to show that the association between physical activity, sedentary behaviors during pregnancy, and GDM is causal in Chinese and other populations, especially in those whose physical activity levels remain low (37) . Secondly, a high proportion of women (42%) were not included in the analysis due to nonresponse to the physical activity questionnaire or missing other variables. The distributions of clinical and biochemical characteristics were similar in women included and those excluded except for maternal age, family history, multipara, and alcohol drinking (Table 5) . Maternal age and family history of diabetes are established risk factors for GDM, and multipara and alcohol drinking are possible risk factors for GDM. In this regard, we had paid special attention to adjustment for all these variables in the multivariable analyses, which might, at least, partially remove the selection bias stemming from the high nonresponding rate. However, the possibility of existence of unmeasured confounders could not be excluded. Thirdly, food habit was not collected in this study. Fourthly, the physical activity questionnaire was old and only validated in nonpregnant populations, but not in pregnant women populations. Also, the physical activity was self-reported and not objectively measured, so the potential self-reporting bias could not be excluded. Fifthly, pre-pregnancy physical activity was not assessed, and its confounding effect could not be removed by statistical analysis. It is possible that part of the benefit of physical activity during pregnancy on the risk of GDM was attributable to good habit of physical activity prior to pregnancy. Sixthly, the IADPSG recommended the use of a one-step OGTT approach to identify GDM, whereas our antenatal care system (also our study) used a two-step procedure to detect GDM in the past 15 years. Some GDM cases may have failed to be identified by the two-step procedure. Consequently, the true effect sizes of physical activity on GDM might be higher than those reported in the study. Seventhly, nullipara accounted for 97% of our study subjects, and our findings need further replications, especially among multiparous women.
In conclusion, our large population-based study found that high physical activity during pregnancy was significantly associated with reduced GDM risk in Chinese pregnant women, especially among pre-pregnancy overweight and obese women. The harmful effect of sedentary lifestyle was not limited to overweight and obese women but extended to women with normal body weight before pregnancy. Given the increasing prevalence of GDM in China and other parts of the world, replications of our findings in other populations of pregnant women are warranted. If further replicated, randomized controlled trials are needed to confirm the benefits of lifestyle interventions for GDM, including increased physical activity and reduced sedentary behaviors.
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